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Surface decoration of catanionic vesicles with
superparamagnetic iron oxide nanoparticles: a
model system for triggered release under
moderate temperature conditions†
G. Be´alle,a L. Lartigue,b C. Wilhelm,b J. Ravaux,c F. Gazeau,b R. Podor,c D. Carrie`re*d
and C. Me´nager*a
We report the design of new catanionic vesicles decorated with iron oxide nanoparticles, which could
be used as a model system to illustrate controlled delivery of small solutes under mild hyperthermia.
Eﬃcient release of fluorescent dye rhodamine 6G was observed when samples were exposed to an
oscillating magnetic field. Our system provides direct evidence for reversible permeability upon
magnetic stimulation.
Introduction
Magnetic drug carriers made from vesicles, such as polymersomes
or liposomes associated with magnetic nanoparticles (MNPs),
play a crucial role as vectors for targeting, imaging and drug
delivery applications in cancer therapy. In these systems, the
MNPs generate heat upon dissipation of an applied oscillating
magnetic field, resulting in delivery of the encapsulated solute.
In most reports, MNPs are encapsulated in the aqueous core
of vectors, and their release occurs upon bulk temperature
elevation.1,2 However, it has been recently shown that magnetic
delivery is also possible with MNPs embedded in the membrane
of the vector, be it a liposome or a polymersome. In those studies,
solute release occurs without a significant increase in bulk
temperature.1,3–7 Therefore, it has been clearly shown that a local
perturbation is sufficient to trigger delivery. The nature of this
perturbation depends on the type of particles used: superpara-
magnetic iron oxide (Fe2O3 or Fe3O4) with freely rotating magnetic
moments or cobalt ferrite (CoFe2O4) with blocked magnetic
moments. Dyes or drugs can thus be released by applying a
high-frequency alternating magnetic field (HF-AMF, 100 kHz–
1 MHz) or a low-frequency alternating magnetic field (LF-AMF,
EkHz) for the two types of particles respectively. Mechanical
perturbations of the membrane occur when cobalt ferrite is used.
When iron oxide nanoparticles are used, permeability enhance-
ment of the bilayer is possible thanks to membrane melting or to
partial rupture.1,3–6 Amstad et al. have clearly established that
high frequency magnetic field treatment of liposomes, hosting
iron oxide nanoparticles in their membranes, resulted in direct
injection of heat into the lipid membrane through local heating of
embedded nanoparticles.3 This allowed permeability enhance-
ment by increasing the local temperature to the melting point
without bulk water heating and without disruption of the vesicles.
Instead of embedding MNPs into the bilayer, another approach to
induce local heating is to decorate vesicle membranes with MNPs.
This strategy has already been used in the case of cobalt ferrite
physisorbed on giant unilamellar vesicles subjected to a LF-AMF.8
In this paper we show that membrane permeability can also be
obtained under HF-AMF. The system designed for this purpose
is giant catanionic vesicles with adsorbed superparamagnetic iron
oxide nanoparticles.
The model system used for this study is made of a mixture of
surfactants containing opposite charges, also known as ‘catanionic
mixtures’. This type of assembly has already been successfully
reported to be suitable for pharmaceutical applications when
biocompatible surfactants are used.9–11 Here, we focus on the
myristic acid–CTAC system which is not biocompatible but
shows several fundamental adequate properties for this study.12–14
These catanionic vesicles exhibit a transition between solid-
state bilayers (so-called ‘‘gel phase’’) and fluid-state bilayers at a
well-defined temperature (Tm = 57 1C);
15 they show high encap-
sulation efficiency with retention times in the order of months;
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their size in the micron range allows direct characterization by
confocal microscopy of their integrity and permeability; their
surface properties are conveniently adjusted by the choice and
the respective ratio of the surfactants.
In this paper, we report the preparation of catanionic vesicles
based on the myristic acid–CTAC system, with a membrane
covered by g-Fe2O3 superparamagnetic nanoparticles. This paper
demonstrates that hydrophilic molecules can be encapsulated,
retained and released by applying an oscillating magnetic field
without destruction of the vector. This release occurs at moderate
bulk temperature, far below the melting point of the bilayer.
Materials and methods
Magnetic nanoparticle synthesis
The aqueous suspension of magnetic nanoparticles was pre-
pared by alkaline co-precipitation of FeCl2 (0.9 mol) and FeCl3
(1.5 mol) salts, according to Massart’s procedure.16 Super-
paramagnetic maghemite grains (g-Fe2O3) were obtained by
oxidizing 1.3 mol of magnetite with 1.3 mol of iron nitrate
(boiling solution). After magnetic decantation, 2 L of distilled
water and 360 mL of HNO3 20% were added to the solution and
the mixture was stirred for 10 min. Prepared maghemite nano-
particles were washed several times with acetone (3  1 L) and
ether (2  500 mL) and were suspended in water. Size sorting was
performed by adding HNO3 (0.45 M) to the suspension followed
by magnetic decantation. This operation was repeated with the
deposit until a suitable particle size was obtained. Sodium citrate
(nFe/nCit = 0.13) was added to the nanoparticles and the mixture
was heated at 80 1C for 30 min to promote adsorption of citrate
anions onto their surface. Citrated nanoparticles were precipi-
tated in acetone and suspended in water. The volume fraction and
average size of the maghemite grains were determined by fitting
the magnetization curve of nanoparticles using Langevin’s law.
Particles of 9 nm diameter (polydispersity index s = 0.25, volume
fraction of nanoparticles in the suspension j = 7.2%, pH = 2) and
7 nm (s = 0.35, j = 2.63%, pH = 2) were obtained.
Vesicles preparation
Cetyltrimethylammonium chloride (C16TA
+Cl) and myristic acid
(C13COOH) were purchased from Fluka and used as received.
The final MNP concentration was adjusted by dilution in HNO3 to
pH = 2. In a typical 0.33% wt vesicle preparation, 31.3 mg of
cetyltrimethylammonium chloride, 41.8 mg of myristic acid and
7.497 g of MNPs suspension, and optionally 693 mL of rhodamine
6G 100 mM were stirred at 50 1C for 3 days. The solution is then
diluted 3-fold with water and stirred at 50 1C for 30 minutes and
dialyzed (Float-a-Lyzer, 8–10 kDa, Sigma) at room temperature
against 500 mL of water (MilliQ). Dialysis baths were changed
every hour for the first 8 hours, and then every 12 hours for the
next 4 days. To eliminate excess of aggregated nanoparticles, 1 mL
of the sample was diluted 3-fold in water (MilliQ) and centrifuged
for 20 min at 201 g. For surface-decorated vesicles, the super-
natant was recovered while the sediment was collected for surface-
decorated vesicles encapsulating MNPs.
Characterization
Confocal microscopy. Vesicles were examined using a confocal
laser scanning inverse microscope (Olympus IX 81) equipped
with a 60 magnification/1.42 NA oil objective lens coupled
to an FV 1000 confocal head (Olympus). Rhodamine 6G (encap-
sulated or added) was excited at 543 nm and the emission
collected above 560 nm.
Transmission electron microscopy (TEM). Magnetic vesicles
were diluted after centrifugation and single droplets were deposited
on a carbon coated copper grid for drying. Observations were
performed using a JEOL 100 CX Transmission Electronic at 60 keV.
Magnetophoresis experiments. A home-made magnetophoresis
setup previously described was used.17 Magnetophoretic mobilities
of individual vesicles were measured in a 145 mT magnetic field
with amagnetic field gradient of 195 Tm1 created by amagnetized
nickel rod (50 mm in diameter).
Wet scanning transmission electron microscopy (Wet-STEM).
A FEI Quanta 200 ESEM FEG microscope operated at 30 keV was
used, the nominal resolution being 1 nm. A Peltier stage and an
inverse BSE detector are located below the final lens in the
microscope chamber. A 5 ml droplet of the diluted sample solution
was deposited on a TEM copper grid coated with a holey carbon
film. The grid was then placed on the Peltier stage previously
cooled at T = 3 1C. An optimized pump down sequence was used
to adjust the water partial pressure at 1001 Pa. Afterwards, the
pressure is adjusted to evaporate a very small amount of water
from the droplet to adjust the water film thickness and allow
sample observation.
Hyperthermia experiments. A laboratory-made device was
used.18 The system is a resonant RLC circuit producing a
magnetic field (frequency = 520 kHz, amplitude = 28 kA m1) in a
16 mm coil. The sample was heated at 37 1C before the application
of the oscillating magnetic field, and the temperature was probed
using a fluorooptic fiber thermometer.
Results and discussion
Control of the vesicle structure
The preparation of magnetically decorated vesicles relies on a
fine control of the nanoparticle–vesicle interactions during the
preparation, repulsive during vesicle formation, and attractive
after vesicle formation.
The magnetic vesicles are prepared as follows: myristic acid
and cetyltrimethylammonium chloride are co-solubilized in a
solution of positively charged maghemite nanoparticles (either
7 or 9 nm, TEM characterization available in Fig. S1, ESI†) in
acidic media (HNO3, pH = 2). As a result, surfactants self-assemble
to form hollow elongated vesicles and release additional HCl 2 mM
upon association (Fig. 1, step a).13 At this step of the preparation,
the vesicles and the magnetic nanoparticles (isoelectric point at
pH = 7, Fig. S2, ESI†) bear a positive surface charge.19 The
vesicle–nanoparticle mixture is then dialyzed against MilliQ
water, which allows both (i) elimination of the ions present in
the bulk while HCl/HNO3 remains trapped in the core, resulting
in an osmotic swelling of the elongated vesicles into spherical
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vesicles (Fig. 1, step b);12,13 and (ii) an increase of the pH of the
solution until the charge of the nanoparticles is sufficiently
reduced, leading to their precipitation onto the surface of
the vesicles.
Concentration of MNPs influenced the vesicles structure,
leading either to decorated vesicles or decorated vesicles encap-
sulating MNPs as illustrated in Fig. 1. When the preparation is
performed with a suspension of MNPs at 0.16 M in iron,
decorated vesicles are obtained. Standard optical microscopy
transmission mode reveals that the surface coverage of dialyzed
vesicles by magnetic nanoparticles results in an enhancement
of membrane contrast (Fig. S3, ESI†). This is usually diﬃcult to
observe in pristine vesicle samples. We assume that a slight
encapsulation occurs in the core butMNPs are clearly not numerous
enough to be observed. Further investigations with TEM revealed
that groups of catanionic vesicles as well as isolated ones are clearly
visible thanks to nanoparticles adsorption onto the surface in
the form of independent MNPs or small clusters (Fig. 2a). The
entire solution remains stable (no flocculation) if the quantity
of nanoparticles introduced during vesicles preparation is not
suﬃcient to cover the whole surface of vesicles. The latter being
slightly positively charged at neutral pH, the stability of the
solution is maintained.
Because drying artifacts can influence the distribution of
MNPs on the vesicles, we confirmed our results using a recently
developed transmission mode associated with the Environmental
Scanning Electron Microscope called ‘‘Wet-STEM’’ (Wet-scanning
TEM).20–22 A low water pressure is applied around the sample
enabling direct imaging of insulating, wet samples in the native
state. The wet-STEM imaging mode is perfectly adapted to the
direct observation of nanoparticles and materials such as colloids,
vesicles or cells in watermedia.21,23,24 Vesicles of the control sample
observed in water show homogeneous contrast (Fig. 3a), whereas
the MNPs, seen as white dots (Fig. 3d), are distinctly covering the
vesicles as small clusters (Fig. 3b and c). This unambiguously
confirms the surface covering of vesicles by MNPs. In addition, it
is observed that the MNPs are agglomerated into surface clusters,
and that the membrane is not fully covered by the nanoparticles.
When the concentration of MNPs introduced during prepara-
tion is increased, the surface of the vesicles finally gets saturated.
At a nominal iron concentration of 2.2 M, the vesicles encapsulate
MNPs in their cores, as evidenced in optical transmission mode
by the typical vesicles/solution contrast (results not shown). In the
cores, the nanoparticles do not seem to be aggregated, which is
assigned to the encapsulation of HCl (from vesicle formation) and
HNO3 (from the MNPs solution), which maintain the pH below
the isoelectric point. This confirms that encapsulation of both
MNPs and small ionic species occurs during the co-solubilization
and formation of impermeable elongated vesicles (Fig. 1, step a).
Loaded vesicles also appeared covered by maghemite grains, as
demonstrated by TEM pictures (Fig. 2b–d).
This suggests that a quantified amount of nanoparticles can
be adsorbed on the surface until saturation is reached, and the
Fig. 1 Sketch of the preparation of catanionic vesicles with MNPs
adsorbed on the surface (upper line) and both adsorbed on the surface
and encapsulated into the core of the vesicles (lower line). Step (a): stirring
process at 50 1C for 3 days. Surfactants co-solubilize and form hollow
elongated vesicles. Step (b): dialysis against water during 5 days.
Fig. 2 Vesicles decorated with 7 nm MNPs, observed by TEM (a). Vesicles
with 9 nm MNPs adsorbed on the surface and encapsulated, observed by
TEM (b) and supplemented with high magnification (c, d).
Fig. 3 Wet-STEM images of control vesicles (a), 7 nm magnetic nano-
particles adsorbed on vesicles (b, c) and 7 nm magnetic nanoparticles in
solution (d), examined by wet-STEM at 30 keV.
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excess MNPs are encapsulated. The ideal nanoparticle concen-
tration required for full surface coverage saturation can be
estimated by comparing the available vesicle surface and the
projected area of nanoparticles per solution volume unit
(Appendix S1, ESI†). For a surfactant concentration of 0.33%
(wt/wt), an average vesicle diameter of 5 mm and 9 nm nano-
particles, the approximate concentration of iron would be 1.9 M
(Appendix S1, ESI†), which suits very well with experimental
observations. Due to complete neutralization of the surface by
nanoparticles, the stability of vesicles in water is slightly
decreased and objects tend to settle.
Determination of the magnetic load
Both systems (with surface decoration only and with surface
decoration and encapsulation of MNPs) were characterized for
their magnetophoretic mobilities in order to determine the
quantity of MNPs on/in the vesicles. The home-made chamber
used for the experiment consists of two superposed glass slides
with a nickel rod placed between two slides.17 The magnetization
of the nickel rod creates a strong magnetic field gradient enabling
the vesicles to migrate and accumulate onto the rod (Fig. S4,
ESI†). The observed magnetic mobilities in the 195 T m1
magnetic gradient are 51  17 mm s1 and 115  46 mm s1 for
vesicles with MNPs absorbed on the surface and vesicles with
MNPs both absorbed/encapsulated on/in vesicles, respectively.
These data lead to an iron content of 0.18  0.11 pg per vesicle
and 0.43  0.26 pg per vesicle, respectively. Not surprisingly,
vesicles with MNPs both absorbed and encapsulated show the
best magnetic mobility and the highest iron content per vesicle.
However, the magnetophoresis experiments also underline that
vesicles with surface decoration show relevant migration under
the magnetic field despite the lower MNPs content.
More quantitatively, the iron content per vesicle corresponds
to 1.2  105 MNPs for decorated vesicles which can be expressed
as a covering surface of 36.3 mm2 for charged nanoparticles. For
decorated vesicles encapsulating nanoparticles, the iron content
per vesicle corresponds to 2.9  105 MNPs or a covering surface
of 93.8 mm2. These data are in reasonable agreement with that
expected for full surface coverage of a 5 mm vesicle (78.5 mm2).
Decorated vesicles are thus 50% covered by nanoparticles. For
decorated vesicles encapsulating MNPs, the covering surface is
higher than full coverage, which confirms that vesicles are 100%
covered by MNPs and encapsulate them at the same time. This
outlines that almost all MNPs present in solution cover the
vesicles, and therefore suggests that a strong attraction between
particles and the catanionic vesicles takes over once the pH is
permuted. The exact nature of this interaction needs to be eluci-
dated, but at this stage we still may invoke a specific interaction
between the g-Fe2O3 particles and the carboxylic headgroups of the
vesicles, or strong dipolar interactions between the residual charge
of the particles and the mixed +/ surface.25
Release upon oscillating magnetic field stimulation
These surface decorated vesicles are of special interest for hyper-
thermia because as previous studies report a local heating at the
membrane level is possible which allows the release of encapsulated
species. A cationic water-soluble dye (rhodamine 6G, lexc = 543 nm)
can be encapsulated into the vesicles with magnetic surface cover-
age via addition during the initial surfactant co-solubilization.
During the subsequent dialysis step, the excess dye is removed
from the exterior of the vesicles, leading to bright vesicles in
confocal laser microscopy (Fig. 4a). After stimulation by an
oscillating magnetic field (28 kA m1, 520 kHz) for 30 minutes,
we observe that the vesicles release their content (Fig. 4b).18
Addition of an aliquot of rhodamine to the stimulated solution
revealed that a significant fraction of vesicles remained intact
(Fig. 4c) and are impermeable once the stimulation had stopped.
Very strikingly, this release of the encapsulated solute occurs with a
mild temperature increase of the solution during stimulation (T0 =
37.6 1C, Tmax = 42.6 1C, Fig. S5, Table S1, ESI†). This demonstrates
the interest in magnetic surface decoration brought about by our
system: the MNPs are eﬃciently distributed, i.e. they are directly in
contact with the bilayer, which allows release of the solutes with a
minimum amount of heat generation. More quantitatively,
by counting the number of decorated vesicles before and after
magnetic stimulation (based on 1100 vesicles), we can estimate that
81% 2% of the vesicles released the dye. Aftermild hyperthermia,
73%  4% of the vesicles were impermeable again and 27% of the
vesicles were destroyed during the stimulation. Similar results were
obtained for decorated vesicles encapsulating MNPs.
As in the case of other magnetic bilayers, this system allows
release of the solutes with a minimum heat generation.3,6 The exact
mechanism of release is diﬃcult to identify, but we may assign it to
a permeability enhancement of the bilayer by melting. At room
temperature, catanionic vesicles are ‘frozen’, i.e. the bilayer is in the
solid state, as demonstrated by previous WAXS (Wide Angle X-ray
Scattering) experiments.19 This quenched state contrasts with usual
catanionic vesicles which are in thermodynamic equilibrium, and
accounts for their stability against ageing or dilution, or their low
permeability to ions or small solutes. As a consequence, rhodamine
remains trapped in magnetic vesicles for months. However, we
outline that the bulk solution temperature always remains
below the usual melting point of these catanionic vesicles (Tm =
57 1C, DH = 18 kJ mol1 of the surfactant chain) demonstrating that
the temperature increase could be localized in the bilayer.15
Conclusions
In summary, we demonstrate the preparation of magnetic gel-
phase catanionic vesicles decorated with superparamagnetic
Fig. 4 Vesicles covered with 9 nm MNPs observed in the confocal mode
before (a) and after (b) hyperthermia experiments. Addition of rhodamine 6G
in the bulk (c) demonstrates that vesicles are still intact and impermeable after
the experiment.
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nanoparticles, which enable on-demand release of encapsulated
solutes. Remarkably, the magnetic delivery occurs with a low
temperature increase of the bulk, theoretically not suﬃcient to
induce the gel–liquid phase transition and thus the permeability
enhancement of the membrane. A local temperature increase
around the membrane could explain the release of the dye, as
observed by other groups. Our results complete previous studies3,6
by providing direct evidence of the reversibility of bilayer permea-
tion upon magnetic stimulation. Current investigations will further
exploit our model systems by performing in situ, time-resolved
measurements of permeability on single vesicles.
The possibility to formulate similar vectors with biocompatible
surfactants, combined with their versatile functions, make these
vesicles a promising alternative to poorly selective vectors.11
Vesicles such as these may be used in the future for targeting,
imaging and on-demand delivery of pharmaceutical drugs,
cosmetics or cells and bacteria in vitro or in vivo.
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